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Abstract The monopole coil and loop coil have orthogonal radiofrequency (RF) 
fields and thus are intrinsically decoupled electromagnetically if they are laid out 
appropriately. In this study, we proposed a hybrid monopole/loop technique which 
could combine the advantages of both loop arrays and monopole arrays. To in- 
vestigate this technique, a hybrid RF coil array containing four monopole channels 
and four loop channels was developed for human head magnetic resonance (MR) 
imaging at 7 T. In vivo MR imaging and g-factor results using monopole-only 
channels, loop-only channels and all channels of the hybrid array were acquired and 
evaluated. Compared with the monopole-only and loop-only channels, the proposed 
hybrid array has the higher signal-to-noise ratio (SNR) and better parallel imaging 
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performance. Sufficient electromagnetic decoupling and diverse RF magnetic field 
(B,) distributions of monopole channels and loop channels may contribute to this 
performance improvement. From experimental results, the hybrid monopole/loop 
array has low g-factor and excellent SNR at both periphery and center of the brain, 
which is valuable for human head imaging at ultrahigh fields. 


1 Introduction 


Ultrahigh field (i.e., 7 T and higher) magnetic resonance imaging (MRI) offers 
significant advantages of the higher signal-to-noise ratio (SNR), better imaging 
contrast and higher spatial resolution [1-3]. However, radiofrequency (RF) design 
challenges associated with ultrahigh fields, such as enlarged electromagnetic 
coupling among the resonant elements and limited field diversity of array channel, 
are augmented. A variety of RF coil arrays for ultrahigh field MR applications, e.g., 
LIC loop array [4-8], microstrip transmission line (MTL) array [9-14], monopole 
array [15] and dipole array [16], have been proposed and applied for human head 
imaging at the ultrahigh field of 7 T. 

The previous work of hybrid monopole/loop dual-tuned coil designs has demonstrated 
that monopole and loop have two orthogonal and intrinsically decoupled RF fields [17] at 
two different frequencies. If this decoupling property still holds at the same frequency, it 
will be much useful to build a mono-nuclear array with both monopole channels and loop 
channels for proton MR imaging. Owing to the increased number of independent receive 
channels, the hybrid array should promise better coil performance over monopole-only 
and loop-only arrays in terms of SNR and parallel imaging capability [18-21]. In 
designing parallel imaging arrays, it is desirable that each element has a unique B, field. It 
has been demonstrated that the monopole and loop have different Bı profiles owing to 
different coil structures and current distributions, which might further improve the 
g-factors and thus the parallel imaging performance of the hybrid monopole/loop array. 

In this work, we proposed a hybrid monopole/loop array design technique for 
proton parallel MR imaging applications. This technique was validated by 
implementing an RF array containing four hybrid coil elements for human head 
imaging at 7 T. Each hybrid coil element or block has a monopole channel and a 
loop channel, which are intrinsically decoupled. Bench tests and in vivo MR images 
of the hybrid monopole/loop array were obtained to demonstrate its feasibility and 
performance in ultrahigh field MRI. To investigate the benefits of the proposed 
technique, MR imaging, SNR and g-factor results of the hybrid array were also 
compared with those from monopole-only channels and loop-only channels. 


2 Materials and Methods 
2.1 Construction of the Eight-Channel Monopole/Loop Hybrid Array 


A volume-typed monopole/loop hybrid array containing four independent blocks 
was designed and constructed for human head imaging at 7 T, as shown in Fig. 1. 
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Fig. 1 Diagram of the 
monopole/loop array containing 
four hybrid elements. 
Monopoles were placed across 
the center of the loops, resulting 
in intrinsic decoupling 
performance between them. M; 
and L; (i = 1, 2, 3 and 4) 
represent the element numbering 
of monopoles and loops, 
respectively 


Monopole 


Fig. 2 Equivalent circuit of one 
hybrid element which consists of 
a monopole and a loop. Cm_m 
and C, m were used for the 
matching and tuning of the 
monopole; while Cm_ and C, 
were used for the matching and 
tuning of the loop. Three fixed 
capacitors (3.3 pF) were 
distributed along the loop 
conductor to avoid the value of 
tuning capacitor (C,_1) being too 
small 


Each block consists of a monopole channel and a loop channel, and the total channel 
number of this volume array is 8. The monopole was positioned across the center of 
the loop to ensure that the two have orthogonal RF fields and thus are intrinsically 
decoupled. M; and L; (i = 1, 2, 3 and 4) in Fig. | represent the element numbering 
of monopoles and loops, respectively. 

An acrylic tube with dimensions of 24 cm ID, 25 cm OD and 26 cm in length 
was used as the mechanical support for this coil array. Four monopoles (25 cm in 
length) and four loops (9 cm x 9 cm in dimension) were equally spaced along the 
circumference of the acyclic tube. An acrylic plate (40 cm x 40 cm in dimension) 
with upper corners cut was used as the former for the ground, which is perpendicular 
to the acrylic tube. As shown in Fig. 2, trimmer capacitors Ci m, Cm m, CeL and 
Cm L (Voltronics Corp., Denville, NJ, USA) were used for tuning and matching for 
the monopole channel and loop channel [22]. Each loop has three fixed capacitors 
(3.3 pF, American Technical Ceramics Corp., Huntington Station, NY, USA) 
distributed along the conductors. The chosen dimensions of loops ensure that the 
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coupling between neighboring blocks can be ignored while keeping the imaging 
coverage acceptable. Monopoles and loops were made of 10-mm-wide and 5-mm- 
wide copper tapes, respectively. The ground was made from adhesive-backed 
copper foil (3 M, St. Paul, MN, USA). 

All coil elements or channels were matched to 50 Q and tuned to 297.2 MHz, 
which is the Larmor frequency of the utilized 7 T MRI system. RF traps were 
placed between cables and loop channels to avoid possible “cable resonance” at the 
high frequency of 297.2 MHz. It is worth noting that RF traps are not necessary for 
monopoles due to their instinct unbalanced structure. 


2.2 Bench Measurement and MR Imaging Experiment 


Scattering (S-) parameters including reflection coefficient (S41) and transmission 
coefficient (S21) of the hybrid coil array were measured with a calibrated network 
analyzer (5071C, Agilent Technologies Inc., CA, USA). The S-parameter results 
were recorded when the coils were loaded with human head. S4; measurement was 
also used to calculate the Q values. 

In vivo human head MR images were obtained from a healthy human volunteer 
using the eight-channel hybrid coil array. The human MRI experimental protocol 
was approved by the local institutional review board (IRB), and the volunteer signed 
an informed consent form before the experiment. In the experiment, scans were 
conducted two times using four loop channels and four monopole channels 
separately. In each scan, four channels (monopole or loop) were operated by using 
an RF interface box and all unused channels were terminated with 50-Q loads. The 
RF interface box is composed of a four-way power splitter, phase shifters, T/R 
switches and 50-Q preamplifiers. The phase difference between adjacent coil 
elements was 90°. During the two scans, the positioning of the subject was carefully 
kept unchanged via the line markers made on the patient table. 

The sequence used for MR imaging is gradient recalled echo (GRE). The 
imaging parameters were: flip angle (FA) = 25°, TR = 100 ms, TE = 10 ms, 
FOV = 200 x 200 mm, matrix = 256 x 256, slice thickness = 2 mm, band- 
width = 320 Hz/pixel, number of excitation (NEX) = 1. All imaging data were 
acquired on a 7 T whole-body MRI scanner (MAGNETOM, Siemens Healthcare, 
Erlangen, Germany). To demonstrate the parallel imaging capability, g-factor maps 
and average g-factors in the sagittal plane were measured and calculated with a 
reduction factor (R) of 2, 3 and 4. The g-factor maps and average g-factors were 
calculated using an RF coil array design and the analysis software Musaik (Speag, 
Switzerland). 


3 Results 
3.1 Bench Test Results 


Figure 3 shows the S-parameter matrix of the eight-channel hybrid array loaded 
with human head. Reflection coefficient ($11) of each coil element was better than 


A Springer 


Hybrid Monopole/Loop Coil Array 545 


Fig. 3 S-parameter matrix of 
the eight-channel hybrid 
monopole/loop array loaded 
with a healthy human head. The 
worst-case isolation between 
any two elements is —13.1 dB, 
as shown by the red arrow. The 
element numbering here 
corresponds to that shown in 
Fig. 1 (color figure online) 


Monopoles 


Loops 


M1 M2 M3 M4 L1 L2 L3 L4 


Monopoles Loops 


—25 dB, indicating excellent matching performance. An average isolation 
between a loop and a monopole from the same block is —20.1 dB, which verifies 
their intrinsic decoupling performance. Average isolation between a loop and a 
monopole from neighboring blocks is —15.2 dB, and average isolations of 
neighboring loops and neighboring monopoles are —13.7 and —13.4 dB, 
respectively. These results demonstrate that the isolation between adjacent blocks 
is still acceptable even when no decoupling methods are employed. The average 
unloaded and loaded Q values of loop channels are 124 and 34, respectively, 
whereas the average unloaded and loaded Q values of the monopole channels are 
9.4 and 3.1, respectively. 


3.2 MR Imaging Results 


Figure 4 shows the combined images in different axial planes from all loop 
channels, all monopole channels and their combination. These images were 
reconstructed from raw data without using any image processing method and were 
shown with the same signal intensity scale. The combined method is rooted sum of 
squares (RSS). Axial images from loop channels have high signal intensities at the 
periphery, but these intensities decrease fast with depth. Thus, loops face difficulty 
when imaging the area located deeply in human tissues, e.g., the center of the brain. 
On the contrary, the intensities of images from monopole channels had higher signal 
intensity at the central area, which is consistent with previous work [15]. These 
results indicated that a combination of the loop channels and monopole channels, 
i.e., the hybrid coil array, could provide high signal sensitivities at both the 
peripheral and central areas. Local SNR at the four peripheral areas and the central 
area of human brain were calculated and marked in red color in Fig. 4. Compared 
with the loop-only array, the hybrid array had overall SNR gains of 24-26 % and 
central SNR gains of 89-108 % for different slices. 
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Images from Images from Images from loops 
loop channels monopole channels and monopoles 


Fig. 4 Combined axial images from all loop channels (left column), all monopole channels (middle 
column) and their combination (right column). These images were combined with the RSS method and 
shown in the same signal intensity scale. Local SNR at peripheral and central areas of the brain were 
marked in red color in these images. As expected, loop channels have high SNR at the periphery, but 
quite low SNR at the center. With the help of monopole channels, the hybrid array has almost double 
SNR at the center of the brain compared with the loop-only array 


G-factor maps with R of 2, 3, and 4 were calculated using the images from loop 
channels, monopole channels and all channels, as shown in Fig. 5. Average 
g-factors were also calculated and marked in white color in Fig. 5. At the high 
accelerate factor of 4, the average g-factor using monopole channels, loop channels 
and all channels were 1.52, 1.65 and 1.23, respectively. These results demonstrated 
that the parallel imaging performance could be largely improved when using the 
hybrid design, i.e., both the monopole channels and loop channels were utilized. 
Figure 6 shows the original and rate-4 accelerated images of human head in the 
sagittal plane. The accelerated images were reconstructed with generalized 
autocalibrating partially parallel acquisitions (GRAPPA) using the PULSAR 
toolbox [23]. In the reconstruction, 32 autocalibration signal (ACS) lines were 
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R=2 =3 R= 


8-ch hybrid 
monopole 
/loop array 


4 monopole 
channels 


4 loop 
channels 


Fig. 5 G-factor maps (R = 2, 3 and 4) calculated using the images from loop channels, monopole 
channels and all channels in the sagittal plane. Average g-factors are marked in white color in the g-factor 
maps. The average g-factors of loop channels, monopole channels and all channels with R of 4 are 1.52, 
1.65, and 1.23, respectively. These results demonstrate that parallel imaging performance could be highly 
improved by using the hybrid monopole/loop array 


Fig. 6 GRE images of human head in the sagittal plane using the eight-channel hybrid array: a fully 
encoded image without acceleration; b accelerated image with rate-¢ GRAPPA acquisition 
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used. As shown in Fig. 6, excellent quality images could still be obtained when 
reduction factor is as high as 4. 


4 Discussions and Conclusion 


Both L/C loop and monopole techniques have been successfully applied for human 
head RF coil array designs at ultrahigh fields. When the monopole was placed 
across the center of the loop, the two coils have orthogonal RF fields and thus were 
instinct EM decoupled. Based on this feature, we proposed a hybrid monopole/loop 
array concept in the study. This concept was realized by designing and 
implementing a head coil array containing four hybrid monopole/loop blocks at 
7 T. As expected, the coupling between the monopole and loop in the same block 
was better than —19 dB at the frequency of 297.2 MHz, indicating their instinct 
decoupling performance. 

Compared with the monopole-only and loop-only arrays, the hybrid array 
provides improved SNR gain and better parallel imaging performance. As 
demonstrated in previous work [15] and this study, the loop array has higher 
SNR at the peripheral area, while the monopole array has higher SNR at the central 
area. Hence, the hybrid array promises complementary advantage to provide 
excellent SNR at the entire brain. With the hybrid technique, coil element numbers 
or channel numbers could be doubled without adding additional decoupling 
treatments, leading to reduced g-factors (Fig. 5) and thus superior imaging quality 
in fast imaging. Sufficient electromagnetic decoupling and different B; distribution 
between monopole element and loop elements should be another important factor to 
contribute to the improvement of SNR and parallel imaging performance. Besides 
the benefits of SNR and parallel imaging, the hybrid monopole/loop technique is 
also possible for building phased array coils with quadrature capability, which could 
potentially increase the transmit efficiency by reducing the excitation power [24, 
25]. Furthermore, if the proposed hybrid array technique is used for RF shimming 
and parallel transmit (pTx) applications, the hybrid arrays promise additional 
degrees of freedom for the RF shimming or pTx due to increased independent 
transmit elements [26, 27], which could be advantageous to provide more 
homogeneous transmit field. 

Due to the limitation of our RF interface, monopole channels and loop channels 
of the hybrid array were driven separately for imaging acquisition in this study, but 
they can be used simultaneously given that the coupling among any two channels 
was low. Note that the transmit field using only monopole channels or loop channels 
is not the same as that using all channels simultaneously. Therefore, images 
obtained in the study might be different from those acquired using all channels 
simultaneously. In addition, the proposed hybrid array could be operated in other 
ways that, for example, loop-only or monopole-only channels are used to transmit, 
while all channels are used to receive. Although the hybrid monopole/loop array in 
this study only contains four blocks, the number of block numbers could be 
extended to 8 or even more if appropriate decoupling schemes, e.g., individual 
shielding [28] and magnetic wall decoupling [22, 29-33], are applied to ensure 
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sufficient decoupling between the blocks. It has been demonstrated that magnetic 
wall decoupling is capable of decoupling both loop and monopole arrays [22, 32] 
and thus should be a promising approach to address the coupling issue of the 
proposed hybrid arrays. 
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